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Abstract

This research focused on two aspects related to Offset Right Turn Lanes (ORTLS) on
Nebraska state highway twaay stopcontrolled intersections. The first was the crash safety and
economic benefits of ORTLs compared to intersections with no rightaéoes lor traditional
right turn lanes. The second was driver stopping behavior at stop signsvaaysbop
controlled intersections equipped with ORTLs. The research team reviewed information from
various published studies, analyzed crash data repordgdiat-way stopcontrolled
intersections as well as collected and analyzed driver stopping behavior at six ORTLS in
Nebraska. Traffic volume and reported crashes during-2018 were statistically analyzed to
assess safety effectiveness of three diffeiygres of rightturn lanes at twavay stopcontrolled
intersections. The three categories included intersections with ORTLSs, no right turn lanes, and
traditional right turn lanes. Caebenefit analysis was conducted to ascertain viability of ORTLSs.
Driver stopping behavior on the intersection minor approaches (controlled by stop signs) at six
intersections was examined to evaluate if drivers take advantage of the improved sight distance
afforded by the ORTL at an intersection.

ORTLs had the lowest crashteéa among the three intersection categories (intersections
with ORTLSs, no right turn lanes and traditional right turn lanes); however, the difference was
statistically not significant. Average annual daily traffic was the only statistically significant
factor related to crash frequency among these categories. THeerwsit analysis indicated that
compared to intersections with no rightn lanes, ORTL intersections had an annual reduction
of 0.202 crashes per million entering vehicles, which trandlat$22,662 savings in crash costs
per year. When compared with intersections having no-tightlanes, a traditional rightirn

lane reduced 0.0758 crashes per million entering vehicles annually or $8,504 savings in crash
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costs per year. Results of dnmstopping behavior data analysis showed that number of through
lanes, width of righturn lane and width of the ORTL offset were statistically associated with
driverd6s stopping position on the minor appro
posiion to take advantage of the ORTLs improved sight distance.

In general, ORTLs have safety and economic benefits compared-teayvstop
controlled intersections with no right turn lanes and with traditional-tigintlanes. Given
evidence that stoppediders are in position to take advantage of improved sight distance
afforded by ORTLSs, they should be considered in the design/redesign-aefayvstopcontrolled
intersections on priority basis. This recommendation is subject tepgtafic conditions, wich
may vary considerably. Removal of rigfioirn lanes created from-striped shoulders to

intersections without right turn lanes is not recommended due to potential increase in crash rates.
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Chapter 1 Introduction

1.1 Background

Two-way stopcontrolled intersections on higspeed highways in Nebraska may have a
traditional right turn lane, an Offset Right Turn Lane (ORTL), or not have a right turn lane
altogether on the major approaches of the intersections. An ORTL provides unobstructed sight
triangle for a driver stopped on the minor approach (cross road) of the intersection by providing a
raised or painted island between the mainline roadway and theéurgHane. While lane widths
depend on roadway functional class, traffic, and design spedadimaum width of 106ft is
required for astandardrightur n | ane as described in the 201C
on Geometric Design of Highways and Streetso
Green Booko). I n addi standams, an@®RTaenastpromide t he mi ni
intersection departure sight distance to drivers that are stopped on the minor road approach and
wish to enter or cross the major uncontrolled through traffic. However, no further detailed
information is available in the 201Green Bookand areview of therecently pubshed2018
edition of the Green Boaoklsodid not reveal any additional information on ORTL design.

In some instances, existing paved roadway shoulders are utilized asinglanes by re
striping the pavemeim NebraskaThe safety and economic benefits of these improvements are
not welkdocumented. It is often the case with reconstruction projects that Nebraska Department
of Transportation (NDOT) staff are faced with the question of whether a traditionalurght
lane or an ORTL should be provided at a-tway stopcontrolled intersection on a higdpeed
facility. The situation is further complicated at locations where existing roadway shoulders have
been restriped into rightturn lanes; the improvised righirn lane could be removed to restore

the highway to its original design, replaced with a traditional Htigirt lane, or reconstructed



withan ORTLNDOT&6s guidance indicates that an ORTL
by the NDOT Traffic Engineeringr at the discretion of the Assistant Design Engineer (ADE)
(NDOQOT, 2012). NDOT prefers the use of a tapered ORTL with the panel between the through
lanes and the rigktirn lane gaining its full width only at the end of the turn lane. A parallel
type, withthe gap between the through lanes and+#ightr n | ane a constant wi
design condition when spillback from the cross road is anticipated, such as when a train track
runs parallel to the mainline or a congested driveway is downstreamiotfeatsection on the
cross road. Existing rigtitirn lanes are also reviewed on a case by case basis to determine if
they should be offset, modified, removed, or remain in place unchanged. Items reviewed in the
decision making process consist of existing arojected traffic volumes, crash history,
Highway Safety Manual (HSM) predicted crash rates, and history of NDOT institutional
knowledge of the site.

In 2012, NDOT sponsored research on the stopping behavior of motoristsvaaywo
stopcontrolled intesections showed that drivers on the cross road were stopping short of the
stop bar thereby negating the advantage offered by the offset (Schurr and Foss, 2012). At the
time there were relatively few ORTLs in Nebraska and observed drivers were not fastiiliar
the operational characteristics of ORTLs. However, with the wider availability of ORTLs in
Nebraska, driversd stoppi ng beh-mwestigation.dhe t he ¢
observation by NDOT i s t hat ul@Rcritical onaweldnedr i ver s
state highways, which were the focus of this research.
1.2 Objectives

The objectiveof this researckwvasto provide guidance tsupportNDOT6 S pr oj ec't

development process and assist with decisions regarding provision elrighdnes at twavay



stop-controlled intersections on higdpeedoadvays.A particular focus vason the decision
making process of when to provide a rigimn lane, and when to provide an offset righh
lane. Consideratiorthiat mayimpact the bespractice recommendatiomaay includethe type of
projectproposedthe existing or projectetlaffic volumesandbenefit/cost analysis.

The researcls intended tenable NDQ to make more informed and consistent
decisions regarding provision of traditiomggjht-turn lanes, ORTLs, dhe removal o&xisting
right-turn lanes at twavay stopcontrolled intersections on state highways. The results will
provide guidance on thefficient use of limited funds available for reconstruction of-may
stop-controlledintersectionsassessing when ORTLs will best serve to Imalprove public
safety.
1.30utline

This research was conducted in six stages. In the first stagatial meeting was held
with the Technical Advisory Committee (TAC) members to discuss g&areh approacfihe
second stage sought out available literature with an emphasis on the policies of various state
transportation agencies regarding the treatment of-tightlanes on twavay stopcontrolled
intersections on stateéghways. Chapter 2 othis report presents a summary of thublcations
pertinent to this research. The third stage inatkscriptions of required data and the data
collection processhoth described in Chapter Bhe fourth stage assessed ¢héecteddata and
providel analysis resultas presented i@hapter 4. The fifth stage congdbf developing
guidance for NDOT on best practices for riginin lanes on twdane high speed roadways,
based on metrics such as annual average daily traffic (AADT) on major and minueicEs,

right-turning traffic demand volumes, percentage of truck traffic, and crash history. The sixth



and final stage of the projeefss the documentation of the final report, along with a presentation

to the TAC members.



Chapter 2 Literature Review

NDOT considers construction of ORTLs at intersections when there is evidence that
right-turning vehicles are blocking sight lines of drivers stopped on the minor apgN2CT,
2012; Schurr and Foss, 201®%hile an ORTL provides a clearer intersectiopatéure sight
triangle to the drivers stopped on the miapproachthe constructiorcosts associated witin
ORTL may not be justified based on the anticipated bendtis is particularly true,
considering that mangrivers stopped on the minor appchao not stop far enough forward to
take advantages of ORTLs

2.1 OffsetRight-Turn Lane

According tothe National Cooperative Highway Research Prog(Bi@HRP)Report
500 Volume §installingatraditional rightturn lane at intersections could potengidéad to
vehicles in the righturn lane on major roaddockingminor-r oad dr i ver s 6 vi

approaching on the major rofldeuman, 196p

Expressway

=
-
.

Sight-Obstructed Region As
A Result of Right-Turn Vehicle
in Conventional Right-Turn Bay

Minor Road

Figure 2.1 PotentialObstructionCreatedwith TraditionalRT Lane(Hochsteiret al, 2007)
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Maze et alindicated that only 5 of 28 responding agencies had utilized ORTLs as a
safety improvement measuretab-way stoppedcontrolled TWSC) high speed roadway
intersectionslaze et al., 2004 Since there are no guidelines on ORTLs in the GBssk or
in other nationalevel manualsguidelinedor bestpractices are reviewed fronvariousstate
agencies.

TheMissouri Department of TransportatidrEngineering Policy Guidsuggests that
ORTLsshould beconsidered in locations with high mainline operatingesisea large
percentage of turning trucksunique sight distance issue or crash experiemoerean
investigation of crash diagrams indicasadety benefitsnay be obtained from an offset turn lane
(MDOT, 2017%. TheNorth Dakota Department of Transpation guidelines list a few typical
considerations in selecting &RTL implementationpased ora priorrecommendation of a
traditionalright-turn lane, whichnclude areduction ofanticipateccrashrates alarge volume of
truck turning traffi¢c andsight distanceconcerngNDDOT, 201§.

The design manual oie lowa Department of Transportatiorcludesrecommendations
for specific site constraintsuch aghedesignof anORTL at the base of a long or steep decline
(grade = 5% or larger), or at theest of a hill with a minimum K valuddwa DOT, 2004. The
South Dakota Department of Transportation Design Mamcaimmendthe use oDRTLs at
unsignalized intersections with a high frequency of crashes that can be attridirtetktosight
distance de to(SDDOT, 2018.

Comparedo other agencieshe NebraskaRoadway Design Manual has a more detailed
design guidance for an ORTNDOT, 2013. It specifiesgeometric requirements for

intersection sight distancBrom a geometric design point of vieBchurret al.recommend



appropriate traffic aotrol devices that me#he current Manual on Uniform Traffic Control
Devices MUTCD) guidelines to mitigate misleading visual cues and accentuate elements that
reinforce the intended positive behavior at ORitersections for successful use of the laterally
offset rightturn auxiliary langSchurr and Fos2012; Schurr an&itorius 2010Q.

Hochsteiret al.investigated the safety effects of offset rigintn lanes atwo-way stop
controlled intersections amiral expresswagbased on aaivebeforeafter studyin which the
counts in the after period were used to predict crash occurdemaes found that two of the
three locations showed reductions in rgide rightangle collisiongHochsteinet al., 2007.
However the study only included three sites, with fewer than 3 years of the afteAdata.
result, he crash frequency chandesve low reliability for broadeneraliationto other
locations.

Zhou et al(2017)obtairedtraffic volumes on both majepad and minor roaland
henceutilized Corridor Simulation (CORSIM)o calculate probabilities of potential conflicts.
Crashhistoriesand traffic data of four sites were used#sess relationships betweeaiting
time, potential conflics, and crashates The authors concluded thae effectiveness @n
ORTL for improving safetydepend upon the trafficdlemandsolumes of the conflictig turning
and through movementBue to the small number of case study locatitmes studywas unable
to arrive atstatisticaly significantfindings

At some locationghe ORTL is separatetly araisedchannelizing island on theajor
approachThis design can provide an increased Figinh radius for righturning movementsA
channelized right turn with a largeadius would allow righturning vehicles to travel at a higher
speed, but would have no impact on lteel ofservice, a measure developed by the Highway

Capacity Manual, which assumes that all channelized-tightmovements incur zero delay,



regardles®f the radius of the channelized movemémthis case, a yield sign or an acceleration
lane could be provided where the turning movements join the minor appheCly and
Bonneson, 1996 The channelized right turn lacan alscaddress the issu# sight distance
obstruction created by rigtdirning vehicleonthe traditional righturn lane instead of
implementing ORTLwith a large, unused pavement a(Racoveryet al., 200 However, the
study by McCoy and Bonneson did not indicate any significdluence this approach had on
the frequency or severity of crashes in the state of Nebriki@ay and Bonneson, 1996
Thus,thechanneliation of theright-turn laneis notincorporated as a design choinghe

current study.

Overall, there igimited existing literatureegardingORTLs. While a number of state
agencies have publishgdidelineson the implementation of ORTlthere has not yet been
enough crash history data collected at these sites to develop a crash modification factor (CMF)
type moel similar to what is provided in the Highway Safety Manual (HSKS such, the
safety benefits shown in the literature relative to ORTL are currently anecdotal

2.2 Driver StoppingBehavior onStop-ControlledApproach

Offset rightturn lanes can removke sight distance obstruction created by rigithing
traffic on the traditional righturn lane as illustrateabovein figure 2.1.This benefit only works
whendrivers on the minor approach position themselves to optimize their view of approaching
vehicles on the major roadwayp theycanchoose an appropriate gap to safely enter the major
road(Schurrand Foss, 20)2How muchdrivers benefit from ORT&is an important factor on
the effectiveness of ORTLB.r i ver 6 s st oppi ng beemswdiedor at a
extensively. However, neither stopping positions nor stopping behavior at intersections with

ORTLs have received extensive attention.
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The Nebr aska DNDATy2819 states tha a driveed mugt come to a
complete stop before enteriag intersection in the presence of a stop sign. The driver is
required to stop at the stop lineoifieis presentA rolling stop is notonsidere&a ficompl et e
stopo Sincean ORTL intersectioris not widely usedad r i Vaekrobegperience with the
desgn may impact their willingness to pull all the way forward to the stop bar
Shurr and Fos@012)utilizedAutoSc ope t o moni tor drihothr s6 st
ORTL and traditional righturn lanein Nebraska. The research found that pickups tisiné
SUVs are more likely to stop further away from the edge of the through roadway than a vehicle
of another typeThey also suggested that pavement geontetdanimpact ondriverd s
expectancyand performance.

2.3 SafetyEffectivenessStudies ofTraditional Right-Turn Lanes

With regard tahe safety effectiveness dfaditionalright-turn lanes, a report by Federal
Highway Administration (FHWA)Harwood et al., 2003ollected geometric design, traffic
control, traffic volume, and crash data from ataf 580 intersections, to conduct befared
after studieslt concluded that only stepontrolled intersections in rural areas and signalized
intersections in urban areagre found to havstatistically significantmprovements to safety as
a result ofinstalling rightturn lanesQuantitatively the installation of righturn lanes at rural
stop-controlled fourleg intersections reduced total crashes by 14% and intersection approach
accidents by 27%-lowever, the safety effectiveness of rigitn lane at thredeg intersections
were notfound to beas significant.

Poch and Mannerin@996)also suggested rightirn traffic volumes could increase the
likelihood of an accident, especially without an exclusive lane. Withdatlcatedight-turn

lane, al% increase in righturn volumes could increase accident frequencies by 0.S2%e



studieshad differentonclusiors. Forexample Vogt and Bared found that the presence of fight
turn lanes at threleg two-lane rural unsignalized intersections in Misot lead to a 27 percent
increase in the total number of intersectrefated crashe$pch and Mannering, 1996; Vogt and
Bared 1998.

On the other hand, studies on offsetting at intersections were also exafmoeagh
there is limited literature on OR.s, offsetting opposing letiurn lanes showed significant
improvements in safety according to a study in Lincoln, Nebrds&i et al, 2009 Analysis
results from twelve treated intersection approaches and 36ewaird approaches were included
in thestudy.The estimate of safety effectiveness measure indicated ared@d6tionin crash
ratesby laneline widening and improving sight distance.

The improved intersection sight distance for drivers waiting at the minor apprdheh is
primaryadvantagef installing an ORTL. Intersections where there are frequent crashes
attributed to turning vehicles with sight distance issues could potentially benefit from ORTLSs.
However, the lack of extensive safety dasaociated with this treatment prevents degisio
makers from assessing its effectivenesgrms of cosbenefit analysis. fie current study aims

to investigate these issues.
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Chapter 3 Dat&ollection

3.1 SafetyData ofRight-Turn Lanes

One methoaf conductinga saafety assessment of righirn lanetreatmers is to
investigatesafety data for intersections with various types of right lanes In total thereare 47
intersectionsvithin Nebraska analyzed heretategorized a®cationswith no rightturn lanes,
with traditional rightturn lanes, and with offset rightturn lanes (ORTL)Safety data for each
category was statistically analyzed, including traffic volume and podiperted crashe€rash
data from 2012 to 2@landAnnual Average Daily TrafficAADT) collected in 2014 was used
to asses the safety effect of different righirn lanetreatmentsCharacteristics of the

intersections are shown belowtable 3.1.
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Table 3.1Intersection Characteristics

Crash
. . Right Turn Intersection Count
SiteID Location Lane Type Type AADT (2012
2015)
1 US-81 & N-41 Traditional Fourleg 6150 5
2 US-81 & N-74 Traditional Fourleg 6090 8
3 US-81 & N-32 Traditional Fourleg 11355 10
4 US-81 & N-66 Traditional | T-intersection 4710 0
5 US-81 & S-85D Traditional | T-intersection 5640 1
6 US-81 & N-8 Traditional Fourleg 4705 8
7 US-81 & N-4 Traditional | T-intersection 6185 0
(South)
8 US-81 & N-4 Traditional | T-intersection 6235 0
(North)
9 US-81 & N-136 Traditional Fourleg 5295 8
10 US-81 & S-85C Traditional | T-intersection 6380 0
11 US-77 & N-91 Traditional | T-intersection 12880 11
(South)
12 US-77 & S34D Traditional | T-intersection 9095 0
13 US-77 & N-41 Traditional | T-intersection 9505 10
(West)
14 US77 & N-41 Traditional | T-intersection 10120 3
(East)
US-77 & N-109 .
15 (South) Traditional Fourleg 5290 8
16 US-281 & N-58 Traditional | T-intersection 6085 0
17 US-281 & N-92 Traditional | T-intersection 6490 0
(South)
18 US-275 & N-15 Traditional | T-intersection 8270 3
(West)
19 US-26 & L-79E Traditional | T-intersection 6710 7
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Table 3.1Continued Intersection Characteristics

Crash
. . Right Turn Intersection Count
Site ID Location Lane Type Type AADT (2012
2015)
21 US-81 & N-64 No RT T-intersection 9790 11
22 U8l & N-92 No RT T-intersection 8605 6
(East)
23 US-81 & N-13 No RT T-intersection 11505 10
24 US?:lLB& S No RT T-intersection 8750 4
25 US-81 & N-91 No RT Fourleg 10470 22
26 usgé;& L- No RT T-intersection 4915 1
27 Us8las No RT T-intersection 5405 2
93D
28 US;;H& S No RT T-intersection 10220 7
29 US77&S No RT T-intersection 12150 7
55G
30 US-77 & N-66 No RT T-intersection 7335 1
31 US-75 & N-35 No RT T-intersection 12085 20
32 U33835 0& us No RT T-intersection 6380 4
US-34 & US ) .
33 81 (South) No RT T-intersection 6490 11
US-34 & US ) .
34 81 (North) No RT T-intersection 7245 10
35 US-30 & N-79 No RT Fourleg 10880 18
36 USZ;? &N No RT T-intersection 6245 0
37 US-275 & N-9 No RT T-intersection 9015 3
38 US275& S No RT T-intersection 7880 0
27D
39 U821(:)L§L N- No RT T-intersection 9100 8
40 N-2 & N-67 No RT Four-leg 9560 1
41 N-2 & S-66A No RT T-intersection 11615 1
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Table 3.1Continued Intersection Characteristics

Crash
. . Right Turn Intersection Count
Site ID Location Lane Type Type AADT (2012
2015)
20 US-81 & N-22 ORTL T-intersection 13920 6
Saltillo Rd. & . .
42 S 5 St ORTL T-intersection 5200 2
_ h
43 N-2 its 66 ORTL T-intersection NA 0
US6 & , :
44 Amberly Rd. ORTL T-intersection 10350 14
N-66 &
45 Mahoney St. ORTL T-intersection 2835 0
Park Entrance
UsS77 & W
46 Hickory Rd. ORTL Fourleg NA 3
47 US.-77 & ORTL T-intersection NA 0
Hospital Pkwy
Table 3.2Crash Summary 2012016
Right Turn Number of Property . Severe .
. I . Fatal Total
Lane Type | Intersections| Damage Only nury Injury atality ota
No Right 21 83 34 16 4 137
Turn Lanes (35%) (14.3%)| (6.8%) | (1.7%) | (57.8%)
G T R N R
gLane (15.2%) (10.1%)| (5.1%) | (1.7%) | (32.1%)
10 11 3 0 24
ORTL ! (4.2%) (4.6%) | (1.3%) (0%) | (10.1%)
69 31 8 237
Total a7 129 (54.4%
ota O (544%) | 20 19%)| (13.1%) | (3.4%) | (100%)
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3.2 DriverStoppingBehaviorat thelntersecions with ORTLs

Adr i sstapgng behavior on the stapntrolled approachndicates whether the driver
utilized the additional sight distance affordedthg offset or notvhentheright-turningtraffic is
present in the ORTL. Six sites in Nebraskawere| ect ed f or assessing dri
behaviors, which are sites-4Z as previouslyisted intable 3.1 Aerial photographs of the sites

are presentebelow,in figures 3.1through3.6.

SaltillojRAE SaltillolRd Saltillo|Rd

SaltillolRd

Figure 3.1 Saltillo Rd. & S 56th St. (Site 42
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— 3

SCornhuskerdbHwy,

Figure 3.3US-6 & Amberly Rd (Site 41)
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Figure 3.5US-77 & W Hickory Rd. (Site 46)
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Figure 3.6US-77 & Hospital Pkwy (Site 47)

Video datawascollectedtoassess he dr i ver s 06 st roigpopsireegiopp os i t i
controlled approach. Stopping positions wereorded relative to thfeont edge of the front
bumper of a stopped vehicle, where the vehicle came to a full stop. Vehiclpsrfoatned a
rolling stopwereexcluded from the data analysis, similar to the study described in NCHRP
Report 383Harwood et al., 1996
The vdeodatacollectedincludesa minimum o0f460 video clipgper site totaling around
30 hoursThe data collection periods incledveekdays, weekends and public holidays
(Memorial Day) to ensure that sufficient observations were colléotegbresent prevailing
conditions At least one twelwhour periodincluding morning, noorand evening peak traffic
information was gatherddr each siteln total, the data collection process yielded 7908 video

clips, mostof which were30-second videos.
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The cameras used to record videos weotion-activated trail cameraSpecificationsof
the cameras aiacludedin Appendix 1 The trail canerawaspowered by both AA batteries and
aninternal batterywhich could be charged by solar ener§P memory cards were utilized to
store the recorded videoko prevent distracting drivers atmlguarantee naturalistic
observations e cameras weraounted and concealed traffic barrels Field-testing was
conducted on the cameras befbeingput into useVideo output vasreviewedmanuallyby the
research team.

This study required cooperation and support from multiple sources, including NBOT
Traffic Division, state district personnel, county sheriffs and etc., for the installation of the
devices. Usage of university vehicles was also required to transport personnel and equipment to
the study site. Daily trips were required to replace dischargéetriea or memory castnd to
ensure that the recording equipment was functioning progegyre 3.7 shows the concealed
camera equipment was located away from the shoulder to ensure clear site forflguees3.7
shows the concealed camera equipihmeas located away from the shoulder to ensure clear site

for drivers.Table 33 shows a summary of collected videos.
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Figure 3.7 InstalledEquipmentat Site 43

Table 33 Summary of Collected Videdsy Site

Site Location Start Date End Date Valid | Videos Valid
ID Hours Observations
Saltillo Rd. & S May 24, ]
42 56h St 2017 June 11, 2017 86 2258 1480
43 | N-2&S66"St. M;g 1273’ June 12,2011 30 | 821 937
ag | USO &Rgmbe”y May 8, 2017| May 17, 2017| 120 | 1773 651
N-66 & Mahoney| May 10,
45 St. Park Entrance 2017 May 18, 2017 97 2066 611
Us77 &W June 18, |
46 Hickory Rd. 2017 June 19, 2017 35 460 290
US-77 & Hospital | March 8, March 10,
a7 Pkwy 2017 2017 45 530 180
Total - - - 413 7908 4149
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Data reduction ofhevideoeventsyielded information thawas recorded and coded into
with a series of variabldsr usein statistical analysisseometric information from each site was
also included with an effort to consider as many variables as possible. Pabéto8vpresents a
list of variablescollected and the corresponding codiridote that wne of the sites hasstop bar

marking present on the stapntrolled roagdso it was notncorporated into the analysis
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Table 34 List of Collected Variables

Variable Information Coding
. Presencef thru traffic
Major.Thru . 1 =present, 0 = no
on the major road
: Presence of right turn
Major.RT 'ght tu 1 =present, 0 = no

traffic on the major road

Minor.Veh.Type

Type of the ehicle on the
minor road

O=Passenger car; 1=SUV

2=Minivan & van; 3=pickup
truck;4=heavy truk;

5=Motorcycle/bicycle

Major.RT.Veh.Type

Typeof the vehicleon the
right-turn lane

O=Passenger car; 1=SUV
2=Minivan & van; 3=pickup
truck;4=heavy truck;
5=Motorcycle/bicycle

Duration.of.Stop.in.second|

Duration of Stop

Numeric value in seconds

MedianWidth

Median Width

Numeric value in inches

OffsetWidth

Offset Width

Numeric value in inches

SpeedLimit_major

Major road speed limit

Numeric value in mph

SpeedLimit_minor

Minor road speed limit

Numeric value in mph

Shoulder width of the

ShoulderWidth ORTL Numeric value in inches
Number of Lanes in each .
No_ofLanes . . Numeric value
direction on major road
RTLaneWidth RT lane width Numeric value in inches
) ) 1 = T-intersection, 2 =4e
IntersectionType Intersection Type g

intersection

Dis_stoptoMed

Distancefrom stop sign to
median endpoint

Numeric value in inches
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Table 3.4Continued List of Collected Variables

Variable Information Coding
. Dummy variables for site As_h land, Beatrlce_l,
Dummy_(Site) Beatrice_2, Lincoln_hwy2,
names :
Saltillo, Waverly
Lighting Daylight or dark 1 = dark, O = daylight
Cloudy Weather cloudy l=yes,0=no0
PartialCloudy Weather partial cloudy l=yes,0=no0
Rainy Weather rainy l1=yes,0=no
PM Time p.m. l1=yes,0=no
O=behind marking/shoulder
1=ahead of RT
Stopping position of marking/behind stop sign;
Stopping.position observedsehicle on the 2=ahead of stop sign/behin
minor approach median end; 3=ahead of
median endpoint; 4=not
applicable/norstop;

The dependent variable gfeatesinterest is the stoppingppition of a vehicle on the
stop-controlledminor streeapproach. The determination of stopping positions are divided into
four zones, as shown figure 3.8 belowThe variations igeometric design acrofise sites was

capturedn the data analysi§seamnetric characteristics of each site are showtalire 35.
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Figure 3.8 Determination ofStoppingPositions

Table 35 GeometricCharacteristics of Each Site

Distance

from Sto RT Posted
Site Sign top Median | Median | Offset | Shoulde Lane No. of | Speed
ID Median Type Width | Width Width Width Lanes (|\I;||;T'](|)tr)
Endpoint J
42 82 Raised | -0 106 113 139 1 55
Concrete
43 84 Raised | g 207 48 146 2 55
Concrete
Raised
44 25 47 59 97 145 2 55
Concrete
Raised
45 55 58 159 53 150 1 60
Concrete
46 128 Raised | 234 58 141 2 60
Concrete
47 161 Raised | g 202 54 150 2 50
Concrete
unit inch - inch inch inch inch - Mph
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Chapterd Analysis Results

4.1 CrashAnalysis

4.1.1 Compare Crash RasamongDifferent RightTurn LaneTypes
Threekindsof right-turnlanes were condered in the datano rightturn lanepresenta
traditional rightturn lane andanORTL. Crash rates of intersections that were installed with
different rightturn lane typesvereassessedsing crash counts from 2012 to 2CGit&l AADT
data.As mentionedn the last section, the AADT was from year 20LHe boxplot can hel{m
visualizethe crash rateandprovide some insights. As shown beldwgure 5.1 illustrates the
distribution of crash rates by righirn types. The red diamond indicates the meamash rates
in each group. There are some interesting findings revealed according to the boxplot:
1 ORTLs have the lowest crash rate méd¥, followed by traditional righturn
lanes0.33and no rightturn lane<.41;
1 The outlier in ORTL group refers tatersection No. 44, which has a much higher
crash rate than other ORTL sites;

1 Inclusion of a larger sample size of sites with ORTLs could lead to more findings.

Crash rate by RT type

outlier

—— third quartile

crash_rate

0 — mean

¢ ——— median

— first quartile
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Figure 4.1 Boxplot of CrashRatesby RT Types

Themeans of crash ras from the three different grougseexaminedo determine

whether therés a statstically significant differencen expected safety outcomehe

computations to test the means for equality areveeneanalysis of variance (ANOVA) tests.

Observationsttat did not have available AADT were excluded in the computations.

The

ANOVA procedure

tests

t hese

Null hypothesis it 1= 2§ 3,&ll the means are the same;

Alternative hypothesis gltwo or more means arefigirent from the others.

The results arehown intable 4.1.

Table 4.1 ANOVA Table Testing Between Rigfiturn Types

hypot heses

DF Sum Sq Mean Sq F value p-value
RT Types 2 0.137 0.06872 0.598 0.555
Residuals 42 4.827 0.11493 - -

The oltained pvalue is 0.555, larger than alpha level 0.05, which indicates failure to

reject the null hypothesis, concluding that the mean of crashisatesstatistically different.

St u d etests also showed the same results thataiistical differacewas found between

anytwo groups.

4.1.2 Crash Frequency Analysis

Based on the crash history data from 2012 to 2fig6ére 5.2 presenthetotal number of

crashes by year and rightrn lane types. Intersectiomsth ORTL had the lowest crash count.
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Crash Count by Year

30

il

1 1
2012 2013

crash

1 1
2014 2015
Year

1
2016

Figure 4.2 CrashCountby Y earandRight-turn LaneTypes

Table 4.2 Number of Studied Intersections

Right-Turn Lane Type Number of Crashes in 20122016
Intersections
No RightTurn Lanes 21 147
ORTL 7 25
Traditional RightTurnLane 19 82
Total 47 254
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Examining the association between crash frequencies andurghane types can be
useful in addition to an intuitive comparison of crash frequencies. Poisson regression could be
applied to create a linear equation that captarash count as the dependent variadbded and

Mannering, 201) In a Poisson regression model, the probability of an interseictiawing v,

crashes in a certain time period is calculated by:

p(yi):eXp(' /i) /y' (4-1)

Where P(y;) is the probability of intersection having y, crashes and, stands for the
Poisson parameter for intersectignas well as the expected number of crashes peEygar.

The application of Poisson models on crash frequency analysis has been implemented for
decades. However, Poisson maaennot deal with ovedispersion or undedispersiornwithin

the data since it can produce biased results. For instance, an extension of the Poisson model that
can deal with ovedispersion is the negative binomial (NB) model. The NB model assumes the
Poisson parameter follows a gamma distribution and allbe/sariance to differ from the mean,

as in:

var[y]=E[y] € { [’ (4.2)

The NB model is one of the most frequently used methodrash frequency modeling.
However, the NB cannot handle undispersed data either. To determine if the data is over

dispersed or undedispersed, the following test on Poisson model parameters was implemented.
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Var[y|=m +& f(y) (4.3)

Null hypothesis it a =0

Alternative hypothesis ¥l a , 0

A positive g value means ovetispersion and a negative value means uddgrersion.
The result was 0.355 with thevalue at 0.004. This indicated that oxi#spersion was found

within the data anthe NB model would yield more reasonable results.

Table 4.3 Negaive Binomial (NB) Model Results

Coefficients Estimate Std. Error Z value p-value
(Intercept) -0.462 0.323 -1.419 0.156
ORTL -0.332 0.310 -1.072 0.284
Trad_RT 0.0630 0.181 0.349 0.727
AADT 9.649e05 3.304e05 2.921 0.00349

Based on the NB modphrameter results, only AADT was statistically significant. No
statistical significance was found for rigfotrn lane types, which is consistent with the crash rate
comparison. It also indicated that crash frequency increases along with AADT since higher
traffic volume would lead to more exposure.

4.1.3 Crash Severity Analysis

The severity of a crash is usually classified into several categlasesibinghe injury

level of the most severely injured highway user involved in the chaginy levels camange
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from the least severe (property damage only) to fatalities. Various methodological techniques
have been applied to analyze crash severity data. As in this study, the dependent variable of crash
injury severity is a nominal response variable. Timgsnultinomial logit model was adopted to

model crash injury severity. The probability of a crash being classified with severity outcome

is written as:
P()=P(u, 2,) (4.4)

WhereU . is a defined linar function determining the injury severity, and a set ofl

possible mutually exclusive severity categories for observatiorhus:
Uni = bixni +r€ (45)

Where b is a vector of estimable parameteXs, is a vector of observed characteristics
that are associated with injury severig;is a random error term that accounts for unobserved

effects. e, is assumed to be identically and independently distributed as generalized extreme

value distributed. Hence, the multinomial logit model can be described as:
(i) =expo X, Y& exp(pX, (4.6)

Even though the multinomial model does not actdomthe ordering of the dependent

variable, it is more flexible, allowing the independent variables to have-enonotonic effect
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on the dependent variable. Injury severity levels were categorized as: fatality coded as 3, serious
injury coded as 2, vible injury as 1, and property damage as 0.

Pertaining to the model selection, a process of stepwise selection was applied, in which
the variables are added or removed at each (eia et al., 2008 In this study, Akaike
information criteria (AIC) evalated the significance of all existing variables with the addition of
new variables. Existing variables that become superfluous with regard to other variables can also
be removed in the stepwise process. Using AIC as the criteria, the selected models/edded

follows:

Table 4.4 Multinomial Logit Regression Results for Crash Severity

Coefficients Iog(/ﬁ/ Q& Iog(,ai/ ,{# Iog(/i/ IQE LR Chi-sq | p-value
Intercept -1.284 -2.083 -4.111 - -
ORTL 1.165 0.331 -20.479 5.829 0.120
Trad_RT 0.434 0.362 0.609 2.039 0.564

Rear_end_acc -0.084 -28.299 -11.899 8.288 0.040

Angle_acc 0.632 0.959 1.761 7.824 0.050

Alcohol_related 2.168 2.571 2.585 12.269 0.007

Residual: 455.3; AIC: 491.
& PDO, f&: injury, & : severe injury A : fatality

The LR Chisq is the Likelihood Ratio (LR) Ci8quare test that for the three equations
at | east one of t he niseotdequalttozers @ence,dhggluewasi on Cc o0

compared to alpha level at 0.05. The results showed marginal evidence tesidr@ad angle
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crash types were significant in the model s.
showed significancdf a crashwerealcoholtrelated rather than nenelated, the multinomial leg
odds for involving fatality in the crash would expect to increase by 2.58%wimie holding all
other variables in the model constant.
Because the legdds are being model@irectly in a multinomial regression model,
relative risk ratios allow an easier interpretation that calculates the exponentiated value of the

logit coefficients.

Table 4.5 Relative Risk Ratios of Multinomial Coefficients

Coefficients (&) HE (&) HE (/) HE
ORTL 3.207* 1.393 0.000**
Trad RT 1.544 1.436 1.838
Rear_end_acc 0.919 0.000** 0.00001
Angle_acc 1.881 2.608* 5.821
Alcohol_related 8.745** 13.076™** 13.265**
Note: *p<0.1;**p<0.05; **p<0.01
&, PDO, f&: injury, & : severe injury A : fatality

Fromtable4.5, it can be indicated that keeping all other variables constdhg afcolol-
related variable increases one unit, the crash is 13.265 times more likely to be associated with
fatality (the risk or odds is 1227% highe®jmilarly, holding other variables constant, ORTL
intersectionrelated crashes are 100% times less likely tagseciated with fatality. Re&nd

accidents were found to be negatively related with severe crashes while angle accidents indicated

32

H



relationshig with both injury and severe injury. However, the dataset used here for ORTL was
relatively small. Includingnore instances would possibly reveal more information regarding
crash injury severity.

4.2 DriverStoppingBehaviorAnalysis

For this section, six sites in Nebraska
behaviors, which are sites-42 as previougllisted intable 3.1 As indicated irfigure4.3,
hi ghway usersdé stopping posi teaexaepomoosgoped be
vehicles. 47.8% of total observations were-stopped vehicles, including rolling stogsnong

the vehicleshat did stop, 80% of the drivers stopped at positions 1 and 2, as shbgureal.4.

Overall Stopping Positions

2069
2000~
1500-
Stopping. position
| [
H | &
8 1000- 932 2
879 = )
[ 4(Non-stop)
500-
247
199 .
.
0 1 2 3 4
Stopping position (Non-stop)

Figure 4.3 Overall StoppingPositions
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Overall Stopping Positions

Position 3

H Position 0

u Position 1

Position 1 m Position 2

Position 2 S Position 3

41%

Figure 4.4 Overall SoppingPositionsof Vehiclesthat Stopped

600~
4007 Stopping.position
| [
| B
| B
| E
200-
-

HeawlTruck Mnlurcycle Pass enger Car Plckup truck Van & Mlnwan
Minor Veh. Type

count

Figure 4.5 VehiclesStoppedon theMinor Approach
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Table 4.6 Percentage d¥ ehicleTypesamongVehiclesStopped on thélinor Approach

Type of vehicle on minor approach| Percentage of stopping at position 2 or {
Overall 52.23%
Heavy truck 42.11%
Pickup truck 53.22%
Passenger Car 51.98%
SUV 54.75%
Van 51.20%

As shown intable4.6, 52.23% of vehicles tended to stop at positions 2 and 3, which are
ahead of the stop sign, while only 42.11% of heavy trucks preferred to stop at positions 0 and 1.

This might be because heavy trgaian provide better sight anequires more space to operate.
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Table 4.7 Percentage d¥ ehicleTypesWhenthere isTraffic in theMajor RTLane

Type of vehicle on RT approach when presen Percentage of stopping at position 2 or {
Overall 44.83%
Heavy truck 57.14%
Pickup truck 44. 48/
Passenger Car 45.98%
SUV 41.49%
Van 42.5%

Another interesting finding is that, when there was a heavy truck in thetuighiane on
the major approach, vehicles thre minor approach were more likely to stop at a more forward
position, as indicatd intable4.7.

Additionally, amultinomial logistic regression model was applied to model stopping
positions as the dependent variable. Thusdriverd stopping behaviocan beanalyzed in a

similar manner as section 4.1.3The results are shown fables 4.8 and4.9.
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Table 4.8 Multinomial Logit Regression Results for Stopping Positions

Coefficients | log(&/ g | log(&/ g | log(&/ gF | LR Chi-sq| p-value
Intercept -21.923 -15.600 24.541 - -
2.655e
No. of Lares 0.109 -0.215 -4.978 38.129
08
DisStoptoMed 0.00677 0.0174 0.0154 2.693 0.441
RTLaneWidth 0.159 0.116 -0.175 11.695 0.00851
OffsetWidth -0.00396 -0.00737 0.0408 11.422 0.00965
Residual: 1330.954; AIC: 1360.9¢
& &, &, & . Stopping positions 0,1,2

As shownintable48, fAtype¢ uofm diagletsd was not statist

estimated parameters. Number of lanes, fight lane widh and offset width were significantly
driver6s stoppiimmgoregetasl,i ti on. T

associated with

relative ratios were examined as well.
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Table 4.9 Relative Risk Ratios of Multinomial Coefficients pt.2

Coefficients (&) HE (&) B m (&) dF
No. of Lanes 1.115 0.807 0.007*
DisStoptoMed 1.007 1.01& 1.016
RTLaneWidth 1.172%** 1.123** 0.840**
OffsetWidth 0.996 0.993 1.042**
Note: *p<0.1;**p<0.05; **p<0.01
&, &, &, & Stopping positions 0,1,2

The relative risk ratio results shamincreased number of lanes would discourage
drivers to stop at position 3, wihigs stopping beyond the stop sign and the raised median. The
reason could be that more lanes usually relates to heavier traffic. Drivers were less likely to stop
close to bugtraffic. On the other hand, with increased riginin lane width, drivers wemaore
likely to stop at positions 1 and 2, instead of position 3. Offset width was also significant in
position 3 vs. position 0, but the impact was relatively sraaderall, it seemed that drivers were
positioned to take advantage of the improved sigstadce from ORTLS

4.3 Costbenefit analysis

Since the type of righiurn lane was not statistically significant in the crash frequency
modelnor in the crash injury severity model, a ct&nefit analysis can help quantify the
effectiveness of constructiram offset rightturn lane.

Assuming installing an offset rightirn lane cost approximately $316,0&d a 26year
life-cycle at 2.8% discount rate, the estimated annual cost would be approximately $20,800

(Persaud et al., 20L0According to the FHWA amprehensive crash cost estimates, the inflated
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estimate without regard to injury severity for 2017 is $112,G&8Ricil et al., 2006 Based on

the crash rate results in this study, compared to intersections with ntungtanes, ORTL
intersections havan annual reduction of 0.202 crash per million entering vehicles, which
translates to a reduction 028,662 Compared to intersections with traditional rigian lanes,

ORTL intersections can savé4y158annually per million entering vehicles. Whemuuaed

with intersectionsncludingno rightturn lanesatraditional rightturn lane can reduce 0.0758

crash per million entering vehicles annually, which translates &948pst reduction. Among

the three groups, adding an offset rigitn lane to amntersection without any rigkturn lanes

can be beneficial. In addition, the criteria of reaching one million entered vehicles should also be
considered in this manner.

Assuming crash injury severity is also considered in the decision making proeess, th
estimated fatal crash cost is $3,960,000. The estimated crash costs for severe injurgnichjury
PDO are $276,000, $92,000 and $6,500, respectively. The annual reductions obi®sed
to no rightturn lane and traditional righiirn lane would be b,248per siteand $172,247 per
million entering vehicles. The variations are much larger because the ORTL intersiectios's
studydid not have any fatal crashiesthe specific periodas shown inable 3.2. Inclusion of

more data may lead to a difémt outcome.
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5-Year Crash Count vs. Entered AADT (by Right Turn Type)
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Figure 4.6 Five-yearCrash Counvs. Entered AADT

Overall, the benefit of transforming an existing intersection to an ORTL intersection
becomes largewith history of higher crash frequendy examining the fiveyear crash counts
studiedsites and entered AADT, certain intersections with relatively higher crash frequency
(shown in circlestan consider reconstruction or alternative safety measures, as shown in Figure
4.6.Note that even though Study Site No. 44 has an offset for thetuightane, the geometric
design did not meet the standards in MUTCD. Thus, it is suggested the crash history at this site

should be investigated besides the inclusion of an offsettughtiane.
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Chapter5 Concluding Remarks

This report aimed to in&tigate two aspects related to offset right turn |§@E8TLs) in
state highway systems; the first was the safety and economic benefits of the improvements, and
the second was driver stopping behavior at the stop sign in these intersections.

Several reseah methods were implemented, includlitgrature searglstatisticalcrash
analysis, andostbenefitanalysisLimited literature focused on the safety and economic
benefits of ORTLs whileomprehensive guidance and best practices for decision naadxens
need.Datafrom 47 intersections in Nebraskacluding traffic volumeand crash history from
2012 to 2015 has been statistically analyzed to asaésty effectiveness. These study sites were
categorized amtersectionsvith no rightturn lanes, wh traditional rightturn lanes, and with
offset rightturn lanesin addition, data on driver stopping behavior was collected from 6 ORTL
intersections to evaluate how much the drivers take advantageadfdbieAt last, costbenefit
analysis of ORTL ersus the other two types of intersections were performed.

The current study found ORTLs have the lowest crash rates, compared to intersections
with traditional rightturn lanes and intersections with no rigitn lanes. However, the
difference was not atistically significant. Only AADT was found to be the significant
contributing factors in the crash frequency modeling results. In terms of driver stopping
behavior, mmber of lanes, righiurn lane width and offset width wefeund significantly
associ@d with dri ver ohestsdyaspsuggested thHadldng otherovariables
constant, ORTL intersectierelated crashes are 100% times less likely to be associated with
fatality. However, the datset used here for ORBlwas relatively smallincluding more
instances would possibly reveal more information regarding crash injury selastly, if

considering average crash rates, dmstefit analysis suggested constructiTLs would have
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an annual estimated reduction a4 58 per million entering vehicles compared to traditional
right-turn lanesand £2,662compared to intersections with no rightn lanes

In conclusionORTLsappear to haveafety and economizenefits compared to twway
stop-controlled intersectionwith traditiond right-turn lanesandno rightturn lanes. They should
be consideretbr construction with appropriatesearch andesign, where feasibhl&emoval of
right-turn lanes created from-striped shoulders to intersections without right turn lanes is not

recanmended due to potential increase in crash rates.
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Appendix
Themotion detectocameraused in this studiias a builin solar panel to charge its internal
rechargeable batteryh€ fastest trigger speed is 0.07 seaptured HD videos are in color by day &
blackandwhite by night.lt saves videos and photosain SD/SDHC card up to 32 GBr subsequent
analysis Mount heightis 1/4"-20 tripod Dimension specifications aB8" W x 6.9" H x 3.9"D (% cm

W x 175 cm H x 99 cm D)
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Figure A.1 Motion detector camera
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